The purr gene from Bacillus subtilis encoding the formate-dependent glycinamide ribonucleotide transformylase T was cloned by functional complementation of an Escherichia coli purN purr double mutant. The nucleotide sequence revealed an open reading frame of 384 amino acids. The purr amino acid sequence showed similarity to the enzyme phosphoribosylaminoimidazole carboxylase encoded by the purK gene but not t o the Wo-formyltetrahydrofolate-dependent glycinamide ribonucleotide transformylase N enzyme encoded by the purlv gene. The glycinamide ribonucleotide transformylase T level was repressed in cells grown in rich medium compared to minimal-medium-grown cells. However, when the culture entered the stationary-growth phase the enzyme level increased in rich medium and decreased in minimal medium. By comparing the deduced amino acid sequence of the B. subtilis p u r T gene product with translated nucleotide sequences in various databanks, evidence for the existence of putative purr genes in the Gram-negative bacteria Pasteurellir haemolytica and Pseudomonas aenrginosa was obtained.
INTRODUCTION
The de novo synthesis of inosine monophosphate (IMP) proceeds by a ll-step pathway. The third step is the formylation of glycinamide ribonucleotide (GAR) to formylglycinamide ribonucleotide (formyl-GAR). In Escbericbia coli and Bacillus szlbtilis this reaction is catalysed by two different enzymes ; the N1O-formyltetrahydrofolate (N1O-formyl-THFA)-dependent GAR transformylase N and the formate-dependent GAR transformylase T, which are encoded by the ptlrN and p u r r genes, respectively (Smith & Daum, 1987; Ebbole & Zalkin, 1987; Nygaard & Smith, 1993; Saxild etal., 1994a) . In B. mbtilis theptlrN gene is located in the 12-genepw operon, which encodes all enzymes necessary for the biosynthesis of IMP. The t Present address: Novo Nordic, Plant Protection Division, Hilleradgade 33, DK-2400 Copenhagen NV, Denmark. Abbreviations: GAR, glycinamide ribonucleotide; IMP, inosine monophosphate.
The EMBL accession number for the sequence data reported in this paper is X78962.
level of the purine biosynthetic enzymes is decreased when purine compounds are added to the growth medium (Saxild & Nygaard, 1991) . This repression is achieved by a transcription termination-antitermination mechanism (Ebbole & Zalkin, 1989) . ThepurT gene maps between the ysA and arol markers at 20" on the linkage map. No significant repression of the ptlrT gene expression by purines has been observed (Saxild e t al., 1994a) . In contrast, the expression of the E. coli purT gene is transcriptionally regulated by the PurR repressor protein and hypoxanthine/guanine (Meng & Nygaard, 1990 ; Nygaard & Smith, 1993) . In p w N mutants, in which growth is dependent on PurT activity, growth in purinefree medium is reduced and is inhibited by glycine (Nygaard & Smith, 1993 ; Saxild et al., 1994a) . Recently, a gene, pur U, which encodes a N1'-formyltetrahydrofolate hydrolase that cleaves N''-formyltetrahydrofolate into formate and tetrahydrofolate, was identified in E. coli (Nagy e t al., 1993 ). It appears that PurU provides the major source of formate for the PurT-catalysed reaction under aerobic conditions, and that this reaction is inhibited by glycine. This explains why growth of p w N mutants is inhibited by glycine.
In this report we describe the molecular cloning and nucleotide sequence of the B. subtilispurT gene. Also the identification of the transcriptional start site and of the purT promoter and studies of purT gene expression are reported.
METHODS
Bacterial strains, plasmids and growth conditions. The bacterial strains and plasmids used are listed in Table 1 . Growth in liquid medium at 37 O C was followed by measuring OD450. As minimal medium for B. subtilis, the Spizizen salt-buffered medium was used (Saxild & Nygaard, 1987) ; for E. coli, a phosphate-buffered salt medium was used (Monod et al., 1951) . Both media were supplemented with thiamin-HC1 (1 pg ml-'), and amino acids (50 pg ml-') and hypoxanthine (45 pg ml-') were added to auxotrophic strains when required. L-broth was used as a rich medium. Antibiotics were used at the following concentrations : ampicillin (Ap), 100 pg ml-' ; tetracycline (Tc), 8 pg ml-'; chloramphenicol (Cm), 5 pg ml-'; and neomycin (Neo), 5 pg ml-'.
DNA manipulations and genetic techniques. Chromosomal
DNA from B. subtih was isolated according to the method of Saxild & Nygaard (1 987). Small-scale plasmid preparations from E. coli were prepared as described by Birnboim & Doly (1 979). Large-scale plasmid preparations from E. coli were isolated from 200 ml L-broth cultures. Transformation (Boylan et al., 1972) and transduction (Love et al., 1976) of B. subtilis and transformation of E. coli (Hanahan, 1983) have previously been described by Saxild & Nygaard (1987 , 1988 . For transduction the generalized transducing phage AR9 was used, which is related to the phage PBSl (Love et al., 1976) . Treatment of DNA with restriction enzymes (Boehringer Mannheim), T4 DNA ligase and Klenow polymerase (Gibco-BRL) was performed as recommended by the suppliers.
Southern blot analysis. DNA was blotted onto a nitrocellulose membrane (Genescreen, NEN Research Products). The DIG DNA Labelling and Detection kit (Boehringer Mannheim) was used for colorimetric detection of the hybridization products. The recipe supplied by the manufacturer was followed.
DNA sequencing. DNA sequence was obtained by the chaintermination reaction method using dideoxyribonucleotides as described by Sanger et al. (1977) . All sequencing analysis was done on double-stranded plasmid DNA templates.
Primer extension analysis. RNA from B. subtilis was isolated according to the method of Resnekov et al. (1990) with some modifications. Cells were grown in minimal medium to an ODdso of 1.0. The culture (20 ml) was poured into crushed ice and centrifuged for 5 min at 7000g. Cells were washed three times in 1 ml ice-cold buffer (50 mM Tris/HCl, pH 7.5 ; 50 mM NaCl; 5 mM EDTA) and transferred to an Eppendorf microcentrifuge tube. The cells were treated with lysozyme by resuspension in 200 pl buffer (20 mM sodium maleate, pH 6.5 ; 0.5 M sucrose ; 20 mM MgC1,) containing 3.5 mg lysozyme ml-' followed by incubation on ice for 30 min. The following reagents were then added: 200 plO.1 M sodium acetate, pH 4.0, containing 2 % (w/v) SDS; 10 pl 0.5 M EDTA, pH 8.0; and RNase inhibitors (4 p1 1 %, w/v, heparin; 1 pl 1 M phenanthrolin). The cells were lysed by heating to 65 OC for 3 min. Proteinase K (20 mg ml-' ; 40 pl) was added and incubation continued for 5 min on ice. The lysate was treated with 400 pl hot (65 "C) phenol for 3 min and the two phases were separated by centrifugation for 5 min. The upper phase containing the nucleic acids was transferred to a new tube and the phenol extraction was repeated. The aqueous phase was then extracted with buffered (10 mM Tris/HCl, pH 8.0; 1 mM EDTA) phenol/chloroform (1 : 1, v/v) at room temperature. Nucleic acid was precipitated by adding 3 M sodium acetate, pH 4.8 (01 vol.), and 96 % (v/v) ethanol (2 vols) followed by centrifugation for 10 min. The pellet was washed with 70 % (v/v) ethanol and dried and resuspended in 90 p1 H 2 0 . The solution was heated to 80 OC for 2 min and then placed on ice. DNA was removed by adding the following reagents: 10 pl buffer (250 mM KC1; 25 mM MgC1,; 500 mM Tris/HCl, pH 6.7), 40 units RNasin (Promega) and 30 units DNase I (RNase-free) from Boehringer Mannheim. After 10 min incubation at room temperature, the solution was extracted twice with phenol/chloroform and once with chloroform, and RNA was precipitated with sodium acetate and ethanol as described above. The dried pellet was resuspended in 100 p110 mM potassium phosphate, pH 6.5, and Enzyme assays. Preparation of cell-free extracts for enzyme measurements has previously been described by Saxild & Nygaard (1988) . Detection of a-amylase activity in B. subtilis cells was performed by spraying colonies grown on L-broth agar plates containing 1 YO (w/v) starch with a solution of 0.5 YO iodine and 1 YO (w/v) potassium iodide. The a-amylaseproducing colonies formed a clear halo, whereas the a-amylasenegative colonies did not. The catechol-2,3-dioxygenase (XylE) activity in B. subtilis cells was screened by spraying colonies grown on minimal medium agar plates with a solution of 0.5 M catechol. XylE' colonies became yellow, whereas XylEcolonies did not. Formate-dependent GAR transformylase T activity was determined according to Nygaard & Smith (1993) . GAR synthetase and hypoxanthine phosphoribosyltransferase activities were determined as described before (Saxild & Nygaard, 1991 , 1988 . One unit is defined as 1 nmol substrate converted min-' at 37 OC. Determination of p-galactosidase activity (Miller, 1972) was performed according to Saxild e t al. (1994b). Protein was determined by the Lowry method.
RESULTS

Cloning and genetic characterization of the B. subtilis purT gene
The B. subtilis purT gene was cloned by functional complementation in E. coli. The E. coli purine auxotrophic strain TX680 (purN purl') was transformed with a genome library of EcoRI restriction fragments from B.
subtilis strain HH124 ( p u r w cloned into plasmid pLNA2, which confers TcR in E. coli. By using DNA from strain HH124, cloning of the purN gene was avoided. In one 
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Mapping of the purT promoter region and the 5' end of the purT transcript
Putative aA -35 and -10 regions preceded the p w T structural gene. The upstream DNA sequence was screened for promoter activity by inserting the PstIHincII fragment (nucleotides -237 to + 118 in Fig. 1) from pHJ4 in front of the promoterless xjlE gene of pAMB22 (pH J 14). A similar plasmid (pH J 16) containing the PstI-SspI fragment (nucleotides -237 to -23) was also constructed (Table 1) . Strain HH123 was XylE' when it contained pHJ14, and XylE-when it contained pH J 16. These results showed that a promoter was situated immediately upstream of the pwT structural gene.
Primer extension using reverse transcriptase enzyme was used to map the 5' end of the ptlrT mRNA isolated from strain HH123. A primer complementary to the nucleotide The Bacillus subtilis purT gene located 21 nucleotides upstream of the putative translational start codon. sequence from +67 to +95 was used. Fig. 2 shows the result of the primer extension experiment. The same primer was used to generate the sequencing ladder. The start site of transcription, which is numbered + 1, was
Expression of the purT gene purT gene expression was determined by measuring GAR transformylase T activity and p-galactosidase activity from a transcriptional fusion. The construction of a transcriptional fusion between the purT promoter region and the E. cob lac2 reporter gene in the plasmid vector pDG268neo is described in was grown in minimal medium and in L-broth medium.
The expression of the purT gene was determined by measuring GAR transformylase T activity and by measuring p-galactosidase from the transcriptional fusion ( Table 2) . For comparison we included the determination of levels of two other purine enzymes involved in IMP synthesis; GAR synthetase, encoded by the purD gene located within the pur operon, and hypoxanthine phosphoribosyltransferase, encoded by the hpt gene. In cells grown in minimal medium a reduced level of GAR transformylase T activity was seen when cells entered the stationary growth phase but transcription, as judged from the level of B-galactosidase activity, was not reduced, perhaps indicating some kind of inactivation of the enzyme. The addition of hypoxanthine to the minimal medium had no effect o n p w T gene expression. The level of GAR synthetase paralleled that of GAR transformylase Table 2 . Effects of growth stage on the expression of purine genes Strain HH208 was grown in minimal medium with and without hypoxanthine (Hx; 45 pg mi-'), and in L-broth. Cells were harvested in the exponential phase, and in the stationary phase 2-3 h after they had left the exponential-growth phase. Enzyme activities (+ SD) were determined as described in Methods. PurT, GAR transformylase T ; PurT-LacZ, 8-galactosidase produced by the transcriptional pur T-lacZ fusion ; PurD, GAR synthetase ; Hpt, hypoxanthine phosphoribosyltransferase. T except for the overall reduction in enzyme level in hypoxanthine-supplemented medium. The level of hypoxanthine phosphoribosyltransferase, in contrast, was not affected by the growth phase but was slightly elevated in the hypoxanthine-supplemented growth medium. When cells grown in rich medium (L-broth) entered the stationary phase a reversed pattern was seen; both GAR transformylase T and GAR synthetase activity increased as did purT gene transcription, while the level of hypoxanthine phosphoribosyltransferase, which was higher in rich medium, was hardly affected by the change in growth phase. Several attempts to find the compounds that are responsible for the repression of purT expression in rich medium failed; this included the addition of various combinations of amino acids dependent on onecarbon metabolism and of adenine, guanine and formate to the growth medium. (iv) A potential secondary structure for a rho-independent transcription termination was found immediately downstream from the translational stop site. The AG value for this stem-loop structure was calculated to be -18 kcal mol-' (-75.6 kJ mol-l) (Tinoco et al., 1973) .
Growth medium Growth phase Enzyme activity [U (mg protein)-']
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The expression of the purT gene in B. subtilis is not affected by purine bases in the growth medium (Saxild et a/., 1994a) as are the other pur genes (Saxild & Nygaard, 1991) , and the p w T control region has no sequence similarity or structural features (operator sites or secondary structures) in common with the promoter regions of the B. subtilis guaA, guaB or purA genes or the pur operon. However, we have now provided evidence for the regulation of the cellular level of GAR transformylase T. The expression of the purT gene and the synthesis of GAR transformylase T, like that of the GAR synthetase, is reduced in rich medium and is affected by the growth phase, resulting in low enzyme levels in the exponential phase and higher levels in the stationary phase. The reversed pattern is seen in minimal medium, in which the GAR transformylase T level decreases in stationary phase but the transcription is not altered. A major difference between purT and purD gene expression is the repressive effect of hypoxanthine onpurD expression only ( Table 2) . Under all the above growth conditions the level of the purine salvage enzyme hypoxanthine phosphoribosyltransferase only varied twofold. The disappearance of GAR transformylase T and GAR synthetase activity in the stationary phase in cells growing in minimal medium is most likely due to enzyme inactivation, as reported for the purF gene-encoded glutamine phosphoribosylpyrophosphate amidotransferase (Ruppen & Switzer, 1983) . In contrast to this, increased synthesis of both GAR transformylase T and GAR synthetase is observed in cells grown in rich medium when entering the stationary-growth phase. We cannot at present explain why the coupling ofpurT gene expression and that of the pur operon, here represented by p w D , is not observed when free purine bases or nucleosides are present in the growth medium.
The deduced amino acid sequence of thepurT gene from B. subtilis was aligned with the coding sequence of the purT gene from E. coli and with two sequences from P. baemobtica and Pseudomonas aeruginosa, respectively, which both encode putative purT genes (Fig. 3) . The selected initiation codon was chosen among other potential translational start sites for the following reasons: (i) a ribosome-binding site (Larsen et a/., 1993) ,
, is found seven nucleotides upstream of this AUG start codon; (ii) this start site resulted in a reading frame of approximately the same length as found for the E. coli and the putative P. baemobtica reading frames (Fig. 3 ). It appears that thepurT gene products from the various bacterial species are highly conserved (greater than 50% of identical amino is not obvious, we tend to believe that the 140-157 region is a part of the ATP-binding site in which formation of formyl phosphate takes place because of similarity to sequences in other proteins which catalyse a similar reaction.
GAR transformylase T activities have been found in
Gram-positive and Gram-negative bacteria and in the archaea Sulfolobus sbibatae (P. Nygaard, unpublished data).
Since the archaea and eukarya domains share common ancestors (Olsen 8c , it is possible that GAR transformylase T activity may also be found among eukaryotic organisms.
